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Abstract 

Background: Multipotent mesenchymal stem (stromal) cells (MSCs) have been credited with immunomodulative 
properties, supporting beneficial outcomes when transplanted into a variety of disease models involving 
inflammation. Potential mechanisms include the secretion of paracrine factors and the establishment of a 
neurotrophic microenvironment. To test the hypothesis that MSCs release soluble mediators that can attenuate 
local inflammation, we here analysed the influence of MSCs on the activation of microglia cells, as well as on 
inflammatory parameters and pain behaviour in a surgical rat model of neuropathic pain. 

Methods: We focussed on an experimental model of partial sciatic nerve ligation (PSNL), characterised by a 
rapid and persistent inflammation in the dorsal lumbar spinal cord where sensory inputs from the sciatic 
nerve are processed. Via indwelling intrathecal catheters, MSCs were repetitively grafted into the intrathecal 
lumbar space. Animals were evaluated for mechanical and thermal hypersensitivity over a period of 21 days 
after PSNL. Afterwards, spinal cords were processed for immunohistochemical analysis of the microglial marker ionized 
calcium-binding adapter molecule 1 (Iba 1 ) and quantification of inflammatory markers in ipsilateral dorsal horns. We 
hypothesised that injections on postsurgical days 2 to 4 would interfere with microglial activation, leading to a reduced 
production of pro-inflammatory cytokines and amelioration of pain behaviour. 

Results: PSNL-induced mechanical allodynia or heat hyperalgesia were not influenced by MSC transplantation, and 
spinal cord inflammatory processes remained largely unaffected. Indeed, the early microglial response to PSNL 
characterised by increased Iba1 expression in the lumbar dorsal horn was not significantly altered and cytokine levels 
in the spinal cord at 21 days after surgery were similar to those found in vehicle-injected animals. Grafted MSCs were 
detected close to the pia mater, but were absent within the spinal cord parenchyma. 

Conclusions: We conclude that intrathecal administration is not an appropriate route to deliver cells for treatment of 
acute spinal cord inflammation as it leads to entrapment of grafted cells within the pia mater. We propose that the 
early inflammatory response triggered by PSNL in the lumbar spinal cord failed to effectively recruit MSCs or was 
insufficient to disturb the tissue integrity so as to allow MSCs to penetrate the spinal cord parenchyma. 
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Introduction 

Partial sciatic nerve ligation (PSNL) is a commonly used 
animal model for studying mechanisms underlying 
neuropathic pain [1]. Hypersensitivity to mechanical and 
thermal stimuli (mechanical allodynia and thermal 
hyperalgesia) that develops rapidly after PSNL is at least 
partly dependent on synaptic sensitisation processes 
within the dorsal spinal cord to where sensory nerve 
endings project [2]. Indeed, at the cellular level, nerve 
injury leads to an activation of micro- and astroglial cells 
within the ipsilateral dorsal horn of the spinal cord 
concurrent with the release of a wide range of inflamma- 
tory mediators, including pro-inflammatory cytokines 
[3-5]. Glial cell activation has been implicated in the on- 
set but also in the maintenance of pain hypersensitivity 
[6,7]. Given the lack of effective treatments for neuro- 
pathic pain [8], interventions targeting the neuroinflam- 
matory activation cascades are considered as promising 
therapeutic perspectives. Indeed, several studies with dif- 
ferent anti-inflammatory and glia-modulating drugs 
showed positive outcomes in a variety of experimental 
paradigms, some of which are currently being tested in 
clinical trials [3,9,10]. 

Convincing immunomodulatory features have been as- 
cribed to mesenchymal stem (stromal) cells (MSCs) de- 
rived from the bone marrow, an easily accessible and 
highly proliferative stem cell source [11-14]. While the 
prominent benefit provided by these multipotent adult 
stem cells has been largely documented in several dis- 
ease models, being characterised by inflammatory reac- 
tions in the nervous system (such as amyotrophic lateral 
sclerosis (ALS), Parkinsons disease, Alzheimer's disease 
or traumatic injuries), it is noteworthy that the immuno- 
modulatory capacity of grafted MSCs does not necessarily 
depend on cell-specific differentiation or the integration 
of the grafted cells into the host tissue. It rather seems 
that MSCs possess the potential to establish a transient 
neurotrophic microenvironment that is beneficial and 
supports tissue healing, repair and regeneration. In fact, 
grafted MSCs have been recently described as "in vivo 
drugstores", synthesising and secreting paracrine factors 
which mediate therapeutic benefits [15-18]. Supporting 
this concept, two in vitro studies have documented that 
MSCs can release growth/neurotrophic factors as well 
as anti- inflammatory proteins and modulate microglial 
responses to pro-inflammatory stimuli [19,20]. More- 
over, single intra-brain or intravenous injections were 
shown to ameliorate neuroinflammation and associated 
behaviour in animal models of neuropathic pain, such 
as sciatic nerve constriction, contusion injury or spared 
nerve injury [21-23]. 

In the present investigation, we validated the immuno- 
modulatory effect of MSCs on primary microglial cul- 
tures activated by bacterial lipopolysaccharide (LPS), a 



prototypical agonist of Toll-like receptor (TLR)4 serving 
as a standard stimulus to trigger pro- inflammatory micro- 
glial reactions. In vivo, MSCs were then repetitively 
injected via the intrathecal route between 2 and 4 days 
after PSNL or sham surgery. In this specific experimental 
set up, behavioural assessments were performed to 
explore whether the putative anti-inflammatory effect of 
MSCs would influence PSNL-evoked mechanical allodynia 
and thermal hyperalgesia. 

Material and methods 

Materials for cell culture 

Culture media, foetal bovine serum (FBS), horse serum 
(HS), penicillin-streptomycin, fungizone, proline, trypsin- 
EDTA and PCR primers were purchased from Invitrogen 
(Merelbeke, Belgium). Poly-L-lysine was obtained from 
Sigma (Bornem, Belgium) and ultrapure Escherichia coli 
LPS from InvivoGen (Toulouse, France). PercolP/Redi- 
Grad™ reagent was acquired from GE Healthcare 
(Uppsala, Sweden). TriPure RNA Isolation Reagent was 
bought from Roche Diagnostic (Vilvoorde, Belgium) and 
iScript cDNA Synthesis Kit as well as IQ™ SYBR® Green 
supermix from BioRad Laboratories (Nazareth, Belgium). 
Culture plastic ware was purchased from Greiner Bio-one 
(Wemmel, Belgium). 

Generation of rat bone marrow-derived mesenchymal 
stem cells and collection of conditioned medium 

All experiments were performed in strict accordance 
with the European Union directive of 22 September 
2010 (2010/63/EU). For all in vivo experiments, female 
Sprague Dawley rats were used and obtained from 
Charles River (Brussels, Belgium). MSCs were isolated 
from the bone marrow of tibias and femurs of 8 -week- 
old Sprague Dawley rats and cultured in uncoated tissue 
culture flasks, as these cells readily adhere to the plastic. 
Cells were propagated for 15 passages and then charac- 
terised as previously described [24,25]. MSCs were har- 
vested by trypsinisation and plated at a density of 1 x 10 5 
cells per well in six-well plates in 2 ml DMEM with high 
glucose, 10% FBS, 1% penicillin-streptomycin and 1% 
fungizone. For in vitro experiments, the medium was 
changed after 24 hours and cells were incubated for an- 
other 48 hours. Supernatant (MSC-conditioned medium) 
was then collected and centrifuged at 174 x g for 5 mi- 
nutes to remove cell debris. Control medium was incu- 
bated in culture flasks (containing no cells) for 48 hours 
and also collected and centrifuged. MSC-conditioned 
and control media were frozen and stored at -20°C until 
further use. It is worth mentioning that the in vitro part 
of this study only examined the influence of conditioned 
medium from MSCs on cultured microglia and, there- 
fore, the number of MSCs used to generate this condi- 
tioned medium cannot be compared to the number of 
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cells used in the in vivo protocol where the cells were 
directly injected intrathecally. 

Primary culture of microglial cells 

Primary cultures were obtained from the cerebral cortices 
of newborn wild-type Wistar rats as described before [26]. 
In brief, cells were obtained by a sedimentation protocol 
and plated into 75 cm 2 poly-L-lysine-coated flasks. The 
culture medium was changed every 5 days. After 14 days 
of culturing, cells were trypsinised and microglia were 
separated from other cell types using a Percoll-density- 
gradient centrifugation. The resulting cultures were highly 
enriched in microglial cells and plated at a density of 3 x 
10 4 cells/cm 2 in the same medium as used for MSC 
cultures. 

Activation of microglial cells 

Twenty-four hours after plating, cell treatments were 
initiated by either incubating cells for 24 hours in 2 ml 
MSC-conditioned medium or in 2 ml control medium. 
Then the media were removed and replaced by fresh 
MSC-conditioned medium or control medium, this time 
with or without LPS (100 ng/ml), leading to four differ- 
ent culture conditions. After a 24-hour incubation 
period, the cell plates were transferred onto ice, washed 
with 1 x PBS, and TriPure Isolation Reagent was added 
to each well. Until RNA extraction, samples were stored 
at -20°C. This experiment was conducted in duplicates 
and repeated six times. 

RNA extraction, reverse transcription and real-time PCR 

RNA was extracted according to the manufacturers 
protocol and treated with DNAse at 37°C for 30 minutes. 
Reverse transcription was carried out with the iScript 
cDNA Synthesis Kit, using 1 ug RNA in a total reaction 
volume of 20 ul. Real-time quantitative PCR was per- 
formed for quantification of the genetic expression of 
TNFa and IL-lp using the iCycler real-time PCR detec- 
tion system (BioRad). Each reaction was carried out in a 
total volume of 25 ul, containing 2 ng cDNA template, 
350 nM of both specific forward and reverse primers 
(TNFa forward: 5 -CCCCGACTATGTGCTCCTCAC-3 ', 
TNFa reverse: 5 ' - AGGGCTCTTG ATGGCGG A-3 ' ; IL- 
lp forward: 5 -GGAAGGCAGTGTCACTCATTGTG-3 ', 
IL-lp reverse: 5 -GGTCCTCATCCT GGAAGCTCC-3 ') 
and the IQ SYBR Green super mix. The protocol con- 
sisted of 50 amplification cycles, each conducted as fol- 
lows: 15 seconds of denaturation at 95°C, 45 seconds 
annealing at 60°C and 15 seconds of elongation at 79°C. 
For quantitative analysis, a standard curve was generated 
by amplification of serial dilutions of a cDNA template 
mix, consisting of all analysed samples. Each sample was 
normalised to the relative amplification of the house- 
keeping gene glyceraldehyde 3-phosphate dehydrogenase 



(GAPDH). Raw data was analysed by the "post- run data 
analysis" software provided by BioRad. 

Behavioural testing 

For behavioural analyses, animals were first habituated to 
the testing procedures and surroundings. Procedures to 
examine hyperalgesia and allodynia have been previously 
described by our group in more detail [2]. To evaluate 
thermal sensitivity, a Paw Thermal Stimulator (San Diego 
University, CA, USA) was used, applying a beam of radi- 
ant heat to the mid plantar surface of rats hind paws 
(Hargreaves test). Paw withdrawal latencies (PWL) were 
measured for both hind paws with a cut-off set at 20 sec- 
onds to avoid tissue damage. For each time point, the 
average PWL of at least four testing trials, each separated 
by a 10-minute interval, was calculated per rat and nor- 
malised to the baseline value (PWL before surgery). 
Mechanical sensitivity was assessed with nine different 
von Frey filaments (Stoelting Co., Wood Dale, IL, USA) 
with a bending force from 0.4 g to 26 g, to determine the 
50% paw withdrawal threshold (PWT), as previously de- 
scribed [27]. Results are shown as a percentage of the 
baseline value for each animal. The baseline values for the 
rats were obtained by taking the average PWL and PWT 
obtained in the 3 days preceding surgery. To rule out that 
nociceptive thresholds were influenced by the catheter 
implantation, PWL and PWT before and after catheter 
implant were compared. Postoperative assessments of 
pain behaviour were performed for 3 weeks after surgery, 
more specifically on days 1, 2, 3, 4, 5, 6, 7, 10, 14, 17 and 
20. With respect to the behavioural examinations, a total 
of 9 to 11 animals were included in each group. 

Intrathecal catheterisation 

Previous studies proposed that the female system medi- 
ating pathological pain has a substantially higher clinical 
relevance than that of males, which essentially relies on 
a TLR4- testosterone dependent pathway [28]. Also con- 
sidering the higher incidence of chronic pain in women, 
only female rats were used in the present study. Three- 
month-old animals were anaesthetised by combined in- 
traperitoneal injection of xylazine (10 mg/kg) and keta- 
mine (80 mg/kg) and intrathecal polyethylene catheters 
were implanted by first incising the atlanto -occipital 
membrane and underlying dura mater and then carefully 
advancing the tip of the catheter along the spinal cord 
for a distance up to 8.5 cm, thereby reaching the lumbo- 
sacral enlargement. Skin layers were closed with 2-0 su- 
tures. After surgery, bladders were manually voided and 
animals received 5 ml subcutaneous saline solution for 
rehydration. As long as animals were anaesthetised, eyes 
were regularly moistened with drops of isotonic NaCl 
solution. Topical antibiotic treatment of the sutured 
wound with Aureomycin® (Chlortetracyclin 1%, Erfa 
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Pharm, Brussels, Belgium) took place right after surgery 
and once a day for the next 2 days. To keep catheters 
free and unblocked by cell-clots, they were flushed daily 
with 15 ul NaCl solution until cell treatment started. 
Animals showing neurological deficits after surgery were 
immediately euthanised. Several days after surgery, 15 ul 
1% Xylocaine® (Lidocaine-hydrochloride 10 mg/ml, 
AstraZeneca, Brussels, Belgium) was injected intra- 
thecally to verify that the catheter was positioned cor- 
rectly, causing temporary deficits in hind limb function. 

Partial sciatic nerve ligation 

Nine days after catheterisation, the animals were anaes- 
thetised with sevoflurane (8% for induction; 4% for 
maintenance; oxygen as carrier gas) and PSNL was per- 
formed as previously described [2] . In brief, the right sci- 
atic nerve was exposed at the mid-thigh level and 
isolated from surrounding tissues. With a 6-0 suture, 
one-third to one-half of the nerve trunk was tightly li- 
gated above its bifurcation in peroneal and tibial 
branches. Muscle and skin layers were finally closed with 
a 2-0 suture. Sham surgeries involved identical proce- 
dures, but without ligation of the sciatic nerve. 

Stem cell injection 

Considering our previous studies with MSCs maintained 
in cultures for a prolonged time [24], we here exclusively 
used cells grown in vitro for 15 passages, which corres- 
pond to approximately 4 to 5 months. MSCs were first 
labelled in vitro by adding bromodeoxyuridine (BrdU, 
Sigma) (10 uM) to the culture medium 72 hours before 
cell harvesting. Suspensions of MSCs were then obtained 
by trypsinisation, two washes in PBS and resuspension 
in OptiMEM (Invitrogen) at a density of 66,000 cells/ ul 
(1 million in 15 ul) for injection. This protocol was se- 
lected as it permits the delivery of a large amount of 
cells in a minimal volume, without clustering cells clot- 
ting the catheters, which we observed during prelimin- 
ary tests using 2 million cells in 15 ul. Fifteen ul of MSC 



Experimental set up and timeline 



suspension or vehicle (OptiMEM) were then slowly 
injected intrathecally followed by a 10 ul saline flush. 
Avoiding any interference with the daily behavioural 
measurements, cell injections took place in the evenings. 
Cells were administered on days 2, 3 and 4 following 
surgery, as summarised in Figure 1. Leftovers of cells 
prepared for treatment were re-cultured to control via- 
bility and BrdU-positivity after a few cell cycles. 

Tissue collection 

For immunohistochemistry, rats were killed by transcar- 
diac perfusion with warm (37°C) saline solution (0.9% 
NaCl) followed by cold 4% paraformaldehyde (dissolved 
in PBS) under deep anaesthesia with xylazine (10 mg/kg) 
and ketamine (80 mg/kg). Immediately after perfusion, 
the spinal cord was isolated via hydro- extrusion and 
post-fixed overnight in 4% paraformaldehyde at 4°C. 
Tissues were cryo-protected by incubation in 15% 
sucrose solution (in PBS) for 24 hours at 4°C, followed 
by incubation in 30% sucrose solution for 2 days at 4°C. 
The lumbar region of each spinal cord (L4-L6) was 
quickly frozen (3 minutes in isopentane at -80°C) and 
stored at -80°C until cryosectioning. In total, 3 to 4 
spinal cord samples were collected per group on day 6 
post-surgery and 5 to 7 samples per group on day 21 
post-surgery. They were serially cut at -30°C to obtain 
10 series of transverse 25 um thick sections, which were 
collected on ThermoScientific superfrost plus glass 
slides (VWR International, Leuven, Belgium). Sections 
were stored at -20°C until histological staining. 

For ELISA, rats were euthanised with C0 2 and de- 
capitated. The spinal cord was rapidly isolated by 
hydro-extrusion and transferred in cooled PBS solution 
to carefully remove meninges. The lumbar enlargement 
was isolated and ipsilateral and contralateral sides were 
separated using the ventral fissure as a reference. Sub- 
sequently, these halves were divided into dorsal and 
ventral parts, using the central canal as a reference. 
Tissues were stored in microtubes at -80°C until used 
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Figure 1 Experimental design for in vivo experiments. ELISA, enzyme-linked immunosorbent assay; IHC, immunohistochemistry; MSC, mesenchymal 
stem (stromal) cell; PSNL, partial sciatic nerve ligation. 
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for analysis. For this experiment, 4 to 6 animals were 
used per group. 

Immunohistochemistry and quantification 

After thawing and drying overnight at 37°C, every tenth 
section was stained for ionized calcium-binding adapter 
molecule 1 (Ibal) and BrdU. For Ibal staining, sections 
were washed three times (3 x 10 minutes) in PBS before 
incubation in a blocking solution (5% HS, 1% Triton in 
PBS) for 90 minutes at room temperature (RT). The pri- 
mary antibody against Ibal (rabbit anti-rat Ibal, 1:1,000, 
Wako Pure Chemical Ltd, Osaka, Japan) was diluted in a 
PBS working solution containing 1% HS and 1% Triton 
for an overnight incubation at 4°C. The next day, after 
three washing steps (3 x 10 minutes) with PBS, sections 
were incubated with the secondary antibody (donkey anti- 
rabbit- Alexa488 antibody, 1:500, Invitrogen) diluted in the 
same working solution for 1 hour at RT. After three washes 
in PBS, nuclei were stained with DAPI (1:5,000) for 15 mi- 
nutes at RT and, after washing sections three more times, 
they were finally embedded in Fluoprep and cover-slipped. 

For BrdU detection, DNA was denatured by boiling 
the sections for 20 minutes in 10 mM citric acid at 96- 
98°C. Afterwards, sections were allowed to cool down 
(within the citric acid) for 30 minutes before being 
washed three times (3 x 10 minutes) in PBS with 0.5% 
Triton. After blocking for 90 minutes with 15% HS and 
0.5% Triton in PBS at RT, sections were incubated with 
the primary antibody diluted in blocking solution 
(mouse anti-BrdU, 1:200, AbD Serotec, Dusseldorf, 
Germany) for 2 nights at 4°C. After three washes in PBS 
with 0.5% Triton, sections were incubated with the sec- 
ondary antibody (goat anti-mouse-Alexa555 antibody, 
1:500, Invitrogen) diluted in PBS with 0.5% Triton for 
1 hour at RT. After three washes in PBS, nuclei were 
stained with DAPI (1:5,000) for 15 minutes at RT; sec- 
tions were washed three more times and finally embed- 
ded in Fluoprep followed by cover-slipping. 

Photo-micrographs of the ipsilateral dorsal horns were 
taken using a fluorescent inverted microscope (EVOS ft, 
AMG, Westburg, Leusden, The Netherlands) with a 4x 
objective. An average of 7 sections (L4-L5) per animal 
were analysed using ImageJ 1.44. The dorsal horn was 
delineated and, after background subtraction, Ibal- 
stained dorsal horns were analysed. The mean staining 
intensity in the dorsal horn was calculated for each 
photo-micrograph and data were plotted. 

ELISA 

Tissue samples were suspended in 200 \A lysis buffer 
(Cell Signaling via New England Biolabs, Frankfurt, 
Germany) and 2 [A PMSF (200 mM), then incubated on 
ice for 5 minutes, sonicated and cleared by centrifuga- 
tion (14,000 xg, 4°C, 10 minutes). Supernatants were 



collected and their protein content was determined with a 
MicroBCA assay (Pierce, Thermo Scientific, Bonn, 
Germany). IL-lp, IL-6, IL-10 and TNFa were measured 
using respective ELISA systems (R&D Systems, Wiesbaden, 
Germany) according to the manufacturers instructions. 
Absorbance was measured at 450 nm (with 540 nm 
reference) using an iMark microplate reader (Bio-Rad, 
Munich, Germany). 

Statistical analyses 

All data are presented as means ± SEM and statistical 
analyses were performed with GraphPad Prism version 
5.02 (GraphPad software, San Diego, CA, USA). Groups 
were compared by a two-way analysis of variance, 
followed by a Tukey post-hoc test correcting for multiple 
comparisons. To determine differences between the 
curves of behavioural data, the area under the curve was 
calculated for each animal and averaged per treatment 
group, so that treatment groups could be compared by a 
two-tailed students £-test. Day-by-day group differences 
between sham and PSNL or treated and untreated, 
respectively, were calculated via whole sample £-tests. 
Significant differences are indicated if P values were 
below 0.05. 

Results 

Mesenchymal stem cell-conditioned medium reduces 
microglial cytokine expression in response to 
lipopolysaccharide 

In vivo, neuroinflammation involves activation of micro- 
glia, characterised by morphological changes, cell prolif- 
eration and production of pro-inflammatory cytokines. 
To test our hypothesis that MSCs release soluble media- 
tors which can attenuate inflammation after peripheral 
nerve injury (PNI), we first evaluated the influence of 
MSC-conditioned medium on primary microglial cul- 
tures exposed to an inflammatory stimulus (LPS). We 
quantified the mRNA expression of the two key pro- 
inflammatory cytokines TNFa and IL-lp (Figure 2). As 
expected, exposure of microglial cells to LPS for 24 hours 
increased the gene expression of both targets. This in- 
creased expression induced by LPS could be significantly 
attenuated in cells that had been exposed to MSC- 
conditioned medium beforehand, demonstrating the im- 
munomodulatory properties of soluble factors released 
by MSCs. 

Pain hypersensitivity is unaffected by mesenchymal stem 
cell transplantation 

Mechanical and thermal sensitivity were assessed during 
20 days after sham or PSNL surgery. Figure 1 summarises 
the different steps and time points of the experimental 
design. When ipsilateral hind paws were stimulated with 
von Frey filaments, a clear and significant decrease in the 
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Figure 2 Modulation of lipopolysaccharide-induced expression 
of inflammatory cytokines in primary microglial cultures. The 

relative mRNA expression (normalised to glyceraldehyde 3-phosphate 
dehydrogenase; GAPDH) of the pro-inflammatory cytokines TNFa 
(A) and (3 (B) was examined in microglial cultures incubated for 
48 hours in medium conditioned or not with MSCs and with or 
without lipopolysaccharide (LPS; 100 ng/ml) during the last 
24 hours. Data shown are mean values with SEM from six 
independent experiments, analysed by two-way analysis of variance 
followed by Tukey post-hoc test. ## P < 0.01 and ***/ ### p < 0.001 . 
Symbols denote significant differences between LPS-activated and 
non-activated groups (*) and between control and conditioned 
medium-treated groups ( # ). 



PWT could be observed in PSNL animals when compared 
to their respective sham group. In contrast, no change in 
PWT was observed upon stimulation of the contralateral 
hind paws (Figure 3A-C). Heat stimulation of hind limbs 
led to a very similar outcome, although the decrease in 
the PWL was less prominent (Figure 3D-F). Altogether, 
these results indicate that hypersensitivity after PSNL is 
efficiently validated by the two behavioural tests. 

Animals received vehicle or MSC injections in the eve- 
nings of day 2, 3 and 4 after surgery, when peripheral 
nerve injury- induced microglial activation was clearly 
established [29]. Analysis of mechanical hypersensitivity 



in sham- operated animals did not reveal any influence 
of MSC transplantation (Figure 4A-D). MSC injection 
did also not affect established PSNL-induced mechanical 
hypersensitivity (Figure 4E-H). In accordance with these 
data, thermal hypersensitivity was not influenced by 
MSC transplantation, neither after PSNL nor after sham 
surgery (Figure 5). 

Ibal protein expression is increased after partial sciatic 
nerve ligation but not significantly affected by 
mesenchymal stem cell injection 

Immunohistochemical analysis of Ibal protein expression 
was performed on cryosections of the lumbar spinal cord 
(L4-L5) at two different time points: 6 and 21 days after 
surgery. For MSC-treated animals, we hypothesised that 
microglial activation would trigger the recruitment of the 
injected MSCs and/or that MSCs would induce subsequent 
mitigation of microglial activation. In sham-operated ani- 
mals, microglia were characterised as small and ramified 
cells (Figure 6A), while PSNL induced hypertrophied 
microglia with less extensive cellular ramification, leading 
to a prominent increase in Ibal immunostaining in the 
ipsilateral dorsal horn (Figure 6C). MSC injections did not 
change the Ibal immunostaining in sham-operated ani- 
mals (Figure 6B) but they did seem to have an effect in 
PSNL animals, as the immunostaining appeared weaker 
and less diffuse in the dorsal horn, compared to the tissues 
from vehicle-treated PSNL animals (Figure 6C,D). Quanti- 
fication of the mean staining intensity confirmed a signifi- 
cant increase after PSNL (Figure 6E), which was less 
pronounced after MSC injection, even though this differ- 
ence failed to be statistically significant. At the end of the 
study, sham animals obviously still presented a "non-acti- 
vated" morphology of microglia, which was not influenced 
by MSC injection (Figure 6A,B'). PSNL animals still 
showed a robust Ibal immunoreactivity in the dorsal horn 
with strongly hypertrophied microglia. These characteris- 
tics of microglial activation were not influenced by MSC 
injections in the early post-injury period, as indicated in 
Figure 6C,D\ Thus, quantitative analysis of the mean Ibal 
staining intensity showed an 94% increase for vehicle- 
treated PSNL animals compared to 85% for MSC-treated 
PSNL animals (no statistically significant difference) 
(Figure 6F). 

Transplanted mesenchymal stem cells do not integrate 
into the spinal cord tissue 

Prior to injection, MSCs were cultured in the presence of 
the thymidine analogue BrdU to facilitate their detection 
in the white and grey matter of the spinal cord and to in- 
vestigate their differentiation potential after grafting into 
the tissue. However, as shown in Figure 7, MSCs did not 
integrate into the grey matter. A few BrdU-positive cells 
were found in sections from animals sacrificed 6 days after 
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percentage of the baseline PWT. Paw withdrawal latencies (PWL) of the ipsilateral (D) or contralateral (E) hindpaws after thermal stimulation are 
expressed as percentage of the baseline PWL (C,F) Area under the curve (AUC) analysis of the corresponding graphs. Data shown are mean values 
with SEM. For AUC: *P < 0.05, *** P < 0.001, analysed by two-tailed student's t-test. Day-by-day differences between groups were calculated by whole 
sample f-tests with * at least P < 0.05. Each group consisted of 9 to 1 1 animals. 



surgery (2 days after the last injection), and were located 
mainly around the spinal cord parenchyma in the leftovers 
of the pia mater spinalis. In most cases, grafted cells were 
found in the area of the anterior spinal artery (Figure 7A,B). 
Twenty-one days after surgery (17 days after the last injec- 
tion), MSCs could still be detected, but the number of cells 
appeared to be lower than after 6 days (Figure 7D,E). The 
location appeared to be very similar as compared to the 
earlier time point, with the majority of cells being trapped 
in the pia mater spinalis. In a few animals, a few isolated 
BrdU-positive cells could be detected in the white matter, 
but this observation was not representative for all animals. 

Mesenchymal stem cells lack a long-term paracrine 
influence on cytokine release 

The concentration of the cytokines TNFa, IL-lp, IL-6 and 
IL-10 in lumbar spinal cord tissue from the ipsilateral 



dorsal horns (21 days after PSNL) was analysed and quan- 
tified by ELISA. The concentration of TNFa was below 
the detection level in all samples. Despite the significant 
increase in microgliosis 3 weeks after PSNL, we could not 
show any influence of the ligation on cytokine concentra- 
tions. As indicated in Figure 8, intrathecal injection of 
MSCs did not influence the spinal levels of IL-lp, IL-6 
and IL-10. 

Discussion 

We recently reported that a single intrathecal injection 
of MSCs in a transgenic animal model of familial ALS 
(hSODl G93A ) preserved motor functions, extended sur- 
vival and decreased neuroinflammation at the cellular 
level [11]. Indeed, the results showed that MSCs inte- 
grated into the spinal cord tissue and that microgliosis 
could be reduced, whereas astrogliosis was not modified. 
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Figure 4 Effect of intrathecally injected mesenchymal stem cells on mechanical hypersensitivity after partial sciatic nerve ligation. 

Sham- (A,B) or partial sciatic nerve ligation (PSNL)- (E,F) operated animals either injected with vehicle ("no cells") or mesenchymal stem cells (MSCs; 
"cells") were tested by using von Frey filaments for 20 days after surgery. Paw withdrawal thresholds (PWT) of the ipsilateral (A or E) or contralateral 
(B or F) hindpaws are expressed as percentage of the baseline PWT". (CD and G,H) Area under the curve (AUC) analysis of the corresponding graphs, 
analysed by two-tailed student's f-test; data shown are mean values with SEM. Day-by-day differences between groups were calculated by whole 
sample t-tests with * at least P < 0.05. Each group consisted of 9 to 1 1 animals. 



In the present study we confirm that MSC-derived soluble 
factors inhibit the LPS -mediated induction of the inflam- 
matory markers IL-lp and TNFa in primary microglial cul- 
tures. For the in vivo experiments, we used an animal 
model of neuropathic pain caused by PSNL to examine the 
therapeutic potential of repeated intrathecally injected 
MSCs. Grafted cells were mostly located in the pia mater 
spinalis, the meninx surrounding the spinal cord, at day 6 
or 21 after injection, while an effect on pain behaviour, 
microgliosis or cytokine production could not be observed. 

Animals undergoing PSNL developed an extended 
microgliosis in the ipsilateral dorsal horn of the spinal 
cord and typical behavioural signs of enhanced evoked 



pain, indicating that the surgery could effectively model 
neuropathic pain mechanisms. Stem cell-based therapy 
has been shown to ameliorate pain sensations and also 
to diminish gliosis in different models of neuropathic 
pain, including diabetic neuropathy [30], brain injury 
[31], spinal cord injury (SCI) [21] and PNI such as 
chronic constriction injury or single ligature nerve con- 
striction [22,32,33]. While after SCI, intraspinal applica- 
tion of neural stem cells could lead to increased allodynia 
due to aberrant axonal sprouting [34,35], for MSCs this 
has so far not been reported. Focussing on neuropathic 
pain after PNI, publications dealing with MSC treatments 
exclusively describe beneficial outcomes [22,23,36]. While 
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Figure 5 Effect of intrathecally injected mesenchymal stem cells on thermal hypersensitivity after partial sciatic nerve ligation. 

Sham- (A 7 B) or partial sciatic nerve ligation (PSNL)- (E 7 F) operated animals either injected with vehicle ("no cells") or mesenchymal stem cells 
(MSCs; "cells") were tested with the thermal paw stimulator for 20 days after surgery. Paw withdrawal latencies (PWL) of the ipsilateral (A or E) or 
contralateral (B or F) hindpaws are expressed as percentage of the baseline PWL (CD and G 7 H) Area under the curve (AUC) analysis of the 
corresponding graphs, analysed by two-tailed student's f-test; data shown are mean values with SEM. Each group consisted of 9 to 11 animals. 
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Figure 6 Ionized calcium-binding adapter molecule 1 protein expression 6 days and 21 days after partial sciatic nerve ligation. 

Immunohistological staining and quantification of the microglial marker ionized calcium-binding adapter molecule 1 (Iba1) at 6 days (A-E) and at 
21 days (A'-E') on the ipsilateral side of the lumbar spinal cord with low and high magnifications. Iba1 staining of sham-operated animals either 
vehicle-injected (A,A') or MSC-injected (13,13') and PSNL animals with vehicle (CO or MSCs (D,D'). Scale bar represents 500 urn. (E,E') Quantification of 
the mean grey intensity within the total dorsal horn with SEM, two-way analysis of variance and Tukey post-hoc test for statistical analysis, *P < 0.05 
and **P < 0.01 . Groups at 6 days after PSNL consisted of 3 to 4 animals and groups at 21 days after PSNL consisted of 5 to 7 animals. 



encouraging, these studies are not properly comparable 
with the present work or with each other as they differ in 
several aspects of the experimental set-up, such as the 
number of cells injected, the site and method of injection, 
the time point of administration (before or after the injury) 
and the type of injury. Besides diminishing pain behaviour, 



MSC treatments in PNI also decreased astro- and microglial 
cell activation as well as reduced levels of pro-inflammatory 
cytokines, such as IL-lp and IL-17. Furthermore, increased 
levels of anti-inflammatory cytokines and markers, such 
as IL-10 and CD206, could be detected [23,36]. The up- 
regulation of CD206 is particularly interesting, as it 
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Figure 7 Fate of mesenchymal stem cells after intrathecal 
injection 6 days and 21 days post-partial sciatic nerve ligation. 

Immunohistological staining of the lumbar spinal cord (L4/L5) of partial 
sciatic nerve ligation (PSNL) animals injected with mesenchymal stem 
cells (MSCs). Bromodeoxyuridine (BrdU)-labelled MSCs appear red and 
cell nuclei blue. Cells were only validated as BrdU-positive when also 
showing a blue labelling. (A) Full spinal cord section 6 days after PSNL. 
Scale bar represents 1000 urn. (B,C) Representative photographs 6 days 
after PSNL. Scale bar represents 400 urn. (D,E) Representative 
photographs 21 days after PSNL. Arrows indicate BrdU-positive cells. 



may witness the phenotypic change of microglia from 
the pro-inflammatory type Ml to the anti-inflammatory 
type M2 [37], even though a single marker cannot 
unequivocally identify the functional orientation of a 
macrophage or microglial cell [38]. MSCs have already 
been shown to support this phenotypic switch [39], 



revealing one of the putative mechanisms of how MSCs 
exert their anti-inflammatory action. On the basis of these 
data, it was rather surprising not to detect any significant 
impact of MSCs on pain behaviour or the associated neu- 
roinflammatory processes in the present study. The lack of 
effect of MSC treatment in our hands raises questions in 
regard to the methodical design, where different issues 
should be reconsidered and discussed, namely: (1) the 
amount of grafted cells, (2) the timing (time point of treat- 
ment/duration of treatment/observation time), (3) the 
route of administration and (4) the model of inflammation. 

While the amount of stem cells used in neuropathic 
pain studies varies strongly and ranges from 5 x 10 4 to 
10 7 MSCs [33], we grafted, consistent with our experi- 
ence in intrathecal injections of cells [11], 10 6 cells each 
day but on 3 consecutive days to ensure a constant de- 
livery at a stage where maximal inflammation was ex- 
pected [29]. It was previously shown that single 
intraventricular injections of 5 x 10 4 MSCs resulted in 
diminished pain-like behaviour and decreased densities 
of activated astro- and microglial cells [23]. A study test- 
ing different cell quantities ranging from 10 4 to 10 6 in 
an ALS mouse model showed that, in general, higher cell 
numbers are associated with a greater benefit [40]. A 
similar finding was recently published in a model of ex- 
perimental neuropathy, but with stem cells from neural 
origin [32]. Nevertheless, this concept shows limitations 
as, beyond a certain number of grafted cells, the ob- 
tained benefit cannot be augmented by additional injec- 
tions [41]. Furthermore, as we observed in preliminary 
experiments, it has been described that high amounts of 
cells cause clustering in the microinjection cannula, 
which in turn may cause cell damage and decreased via- 
bility [23]. As clustering can be avoided, delivery via 
catheter injection does not affect the viability or cell 
function of MSCs [42]. Also, since we decided to deliver 
the cells locally and not systemically, we are confident 
that the amount of 10 6 cells per injection was an appro- 
priate option. 

The choice of an adequate time point for cell injection 
likely constitutes one of the most important issues in the 
experimental design of stem cell grafting. In the present 
study we employed repetitive injection of MSCs on days 
2, 3 and 4 following PSNL surgery, when a maximal in- 
flammatory response is expected, while other investiga- 
tors chose single injections on day 4 or 7 after injury 
[21,23,36]. In the publications of Musolino and col- 
leagues [22] and Klass and colleagues [33], the adminis- 
tration of MSCs coincided with the injury, even though 
one could argue that this paradigm is hardly transferable 
to clinical settings. In the latter study, MSCs did not pre- 
vent pain, but promoted recovery from pain starting 
10 days after injury, leading to a complete reversal, 
which is contrary to our observations. In this regard, a 
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Figure 8 Cytokine production in the ipsilateral dorsal horns 
21 days post-partial sciatic nerve ligation. Concentrations of (A) 
IL-1(3, (B) IL-6 and (C) IL-10 were measured in supernatants of lysed 
tissues as derived from the ipsilateral dorsal horns of the L3-L6 spinal 
cord region. Concentrations of TNFa were below the detection level. 
Data represent mean with SEM, analysed by two-way analysis of 
variance followed by Tukey post-hoc test. Each group consisted of 4 
to 6 animals. MSC, mesenchymal stem cells; PSNL, partial sciatic 
nerve ligation. 



longer observation period after the treatment could in 
general be worth considering. However, as the severity 
of pain is associated with the degree of microglial activa- 
tion [2], and since we observed a trend for microgliosis 
attenuation by MSC-treatment 6 days post-PSNL, which 
was absent again 21 days post-PSNL, a delayed improve- 
ment was hardly expected in the present study. Further- 
more, we were not able to detect changes in cytokine 
release caused by PSNL on postoperative day 21, after 
completion of the behavioural testing of the same animal 
cohort. This period was presumably too long to detect 
changes, as we also failed in an earlier study to identify 
differences in the gene expression of pro-inflammatory 
genes such as IL-lp, TLR4 and Nox2, 21 days after 
PSNL [2]. Previous studies describing successful detec- 
tion of changes in cytokine concentrations using ELISA 
indeed focussed on earlier time points after nerve 
ligation or transection, such as 3, 7 or maximally 11 days 
post-surgery [9,43-45]. 

Besides the amount of grafted cells, the route of cell ad- 
ministration also prevalently differs in the literature and 
should be a main topic while discussing the study design. 
Frequently, cell delivery in rats is carried out by systemic 
injection via the tail vein, which represents a less invasive 
administration route. When choosing this approach, the 
amount of grafted cells usually should be rather high as 
the majority will be trapped in the lungs or be cleared by 
peripheral macrophages before reaching their destination 
[46]. Surprisingly, studies using intravenous injection of 
MSCs in neuropathic pain reported striking results, such 
as complete reversal of hyperalgesia [33]. Furthermore, 
MSCs were found to accumulate in the L4-L5 spinal cord 
and pre-frontal cortex, revealing their specificity for en- 
graftment in neuropathic pain controlling and processing 
areas [36]. In regard to the use in neuropathic pain 
models, local administration of MSCs by intraganglionic 
[22], intraparenchymal [21] or intraventricular [23] injec- 
tions have been reported, whereas intrathecal approaches 
have not been tested so far. While one could speculate 
that direct delivery of cells into the cerebrospinal fluid at 
the L4-L5 level of the spinal cord would improve the mi- 
gration to the site of inflammation as well as the integra- 
tion into the tissue, we had to realise that tissue 
infiltration was here far less efficient compared to other 
ways of administration. Interestingly, the same observa- 
tion has been made for the intrathecal delivery of MSCs 
after SCI, when cells were injected within the acute in- 
flammatory phase (days 1 to 7) [47]. Here, grafted cells 
were also found attached to the pia mater or accumulated 
around the anterior spinal artery. In contrast, rats injected 
repeatedly within the subacute phase (days 7 to 14) on 
days 7, 8 and 9 after SCI showed functional recovery, 
while MSCs incorporated into the central lesion. One of 
our initial hypotheses proposed that MSCs would be 
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attracted by mediators released during inflammation, pro- 
moting their migration to the site of inflammation, in our 
case to the ipsilateral dorsal horn. While MSCs were 
detected at the lumbar level (L4-L5) of the spinal cord, 
these rarely entered the tissue, but were "trapped" in the 
pia mater spinalis, suggesting that the inflammation 
caused by PSNL might not have been strong or long 
enough to attract the cells. Indeed, it has been demon- 
strated that the degree of injury is important for the 
survival and tissue integration of MSCs [21,48]. This 
might also explain why our results differ from our former 
study in ALS. While PSNL causes a rather acute inflam- 
mation, ALS -associated neuroinflammation is a chronic 
process, which accompanies the disease onset and in- 
creases continuously until end-stage. Thus, we can only 
hypothesise that important features of chronic inflamma- 
tion, which might be essential for the proper attraction of 
MSCs from the cerebrospinal fluid and their migration 
into the nervous parenchyma were still absent in the 
model of peripheral nerve ligature. 

Taken together, we may only suggest that MSC pene- 
tration through the pia mater spinalis and infiltration 
into the inflamed spinal cord parenchyma might be 
more challenging than expected. Cizkova and colleagues 
[47] speculated that early injected MSCs cannot inte- 
grate into the spinal cord parenchyma as they are 
repelled by a too strong inflammatory response after 
injury. Nevertheless, we rather hypothesise that the 
mechanical border surrounding the spinal cord surface, 
comprising the pia mater spinalis, its basal membrane 
and the subjacent glia limitans superficialis, is preserved 
intact during the first days of inflammation. This idea is 
supported by the fact that within the first 7 days after 
SCI, due to inflammatory processes, the basement mem- 
brane is drastically altered and astrocytic foot processes, 
which compose the glia limitans, retract from the base- 
ment membrane. The progression of these events even 
coincides with a pronounced infiltration of inflammatory 
cells into the spinal cord parenchyma [49,50] . 

Conclusion 

Repetitive intrathecal delivery of MSCs on day 2, 3 and 
4 after PSNL neither affected pain sensations such as 
allodynia and hyperalgesia, nor decreased microglial ac- 
tivation that developed in the ipsilateral spinal cord. 
Twenty-one days after grafting, labelled MSCs could be 
relocated in the pia mater spinalis, but did not integrate 
into the spinal cord parenchyma. Thus, early intrathecal 
delivery of MSCs in the specific model of PSNL has no 
beneficial effects on neuropathic pain or the underlying 
neuroinflammatory processes. After critical analysis of 
our data and confrontation with the literature, we are 
convinced that the amount of cells and the time points 
of administration were chosen correctly in the present 



study. Nevertheless, the selected application route of 
intrathecal injection seems inefficient in regard to the in- 
tensity level of neuroinflammation in the spinal cord after 
PSNL. To accurately evaluate the therapeutic potential of 
MSCs in this specific model, further studies should focus 
on the reassessment of alternative administration routes. 

Abbreviations 

ALS: amyotrophic lateral sclerosis; BrdU: bromodeoxyuridine; 

DMEM: Dulbecco's modified Eagle's medium; FBS: foetal bovine serum; 

HS: horse serum; Iba1: ionized calcium-binding adapter molecule 1; 

IL: interleukin; LPS: lipopolysaccharide; MSC: mesenchymal stem (stromal) 

cells; PBS: phosphate-buffered saline; PCR: polymerase chain reaction; 

PNI: peripheral nerve injury; PSNL: partial sciatic nerve ligation; PWL: paw 

withdrawal latencies; PV\^: paw withdrawal threshold; RT: room temperature; 

SCI: spinal cord injury; TLR: Toll-like receptor; TNF: tumour necrosis factor. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

SS was responsible for executing the entire research project, the statistical 
analyses and writing the manuscript. JVB and RD helped conducting and 
teaching the PSNL model and the intrathecal catheterisation operation. SG 
assisted technically for setting up the primary microglial culture protocol. 
UKH supervised the ELISA analyses and provided the material and facilities. 
EH directed the experiments and analyses and the writing of the manuscript. 
All authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by the National Fund for Scientific Research (FNRS, 
Belgium, contracts 7.4.531.06 F, 3.4.560.07.F and 1.A1 98.08), by the DIANE 
research program of the Belgian Walloon Region Ministry (DGTRE), by the 
Ministry of Scientific Policy (Belgium, ARC 10/15-026) and the German Research 
Council (DFG, SFB^RR43, for UKH). SS was a recipient of a EURON Marie Curie 
Fellowship (EURON MEST-CJ-2005-020589) and a Televie Fellowship (grant 
7.4.510.09 F). We thank Walter Magerl for his outstanding statistical advice and 
Romelia Carvajal for her excellent technical assistance. 

Author details 

institute of Neuroscience (loNS), Group of Neuropharmacology, Universite 
catholique de Louvain, Avenue Hippocrate 54.10, 1200 Brussels, Belgium. 
2 EURON European Graduate School of Neuroscience, Maastricht, The 
Netherlands. 3 Current address: Institute of Neurophysiology, Centre for 
Biomedicine and Medical Technology Mannheim, Medical Faculty 
Mannheim, Heidelberg University, Ludolf-Krehl-Str. 13-17, 68167 Mannheim, 
Germany, institute of Neuropathology, University of Gottingen, 
Robert-Koch-Strasse 40, 37075 Gottingen, Germany. 

Received: 18 February 2014 Accepted: 21 August 2014 
Published online: 12 September 2014 

References 

1. Seltzer Z, Dubner R, Shir Y: A novel behavioral model of neuropathic pain 
disorders produced in rats by partial sciatic nerve injury. Pain 1990, 
43:205-218. 

2. Berger JV, Deumens R, Goursaud S, Schafer S, Lavand'homme P, Joosten EA, 
Hermans E: Enhanced neuroinflammation and pain hypersensitivity after 
peripheral nerve injury in rats expressing mutated superoxide dismutase 1. 
J Neuroinflammation 201 1, 8:33. 

3. Berger JV, Knaepen L, Janssen SP, Jaken RJ, Marcus MA, Joosten EA, 
Deumens R: Cellular and molecular insights into neuropathy-induced 
pain hypersensitivity for mechanism-based treatment approaches. 
Brain Res Rev 2011,67:282-310. 

4. Costigan M, Scholz J, Woolf CJ: Neuropathic pain: a maladaptive response 
of the nervous system to damage. Annu Rev Neurosci 2009, 32:1-32. 

5. Jaggi AS, Jain V, Singh N: Animal models of neuropathic pain. Fundam Clin 
Pharmacol 2011, 25:1-28. 

6. Tsuda M, Inoue K, Salter MW: Neuropathic pain and spinal microglia: a big 
problem from molecules in "small" glia. Trends Neurosci 2005, 28:101-107. 



Schafer et al. Journal of Neuroinflammation 201 4, 11:157 
http://www.jneuroinflammation.eom/content/1 1/1/157 



7. Watkins LR, Milligan ED, Maier SF: Glial activation: a driving force for 
pathological pain. Trends Neurosci 2001, 24:450-455. 

8. National Institute for Health and Care Excellence: Neuropathic Pain - Pharmaco- 
logical Management: The Pharmacological Management of Neuropathic Pain in 
Adults in Non-Specialist Settings, Clinical Guidelines, CG173. UK: National Institute 
for Health and Care Excellence; 2013. 

9. Raghavendra V, Tanga F, DeLeo JA: Inhibition of microglial activation 
attenuates the development but not existing hypersensitivity in a rat 
model of neuropathy. J Pharmacol Exp Ther 2003, 306:624-630. 

10. Sweitzer SM, Schubert P, DeLeo JA: Propentofylline, a glial modulating 
agent, exhibits antiallodynic properties in a rat model of neuropathic 
pain. J Pharmacol Exp Ther 2001 , 297:1 210-1217. 

1 1 . Boucherie C, Schafer S, Lavand'homme P, Maloteaux JM, Hermans E: 
Chimerization of astroglial population in the lumbar spinal cord after 
mesenchymal stem cell transplantation prolongs survival in a rat model 
of amyotrophic lateral sclerosis. J Neurosci Res 2009, 87:2034-2046. 

12. Chao YX, He BP, Tay SS: Mesenchymal stem cell transplantation 
attenuates blood brain barrier damage and neuroinflammation and 
protects dopaminergic neurons against MPTP toxicity in the 
substantia nigra in a model of Parkinson's disease. J Neuroimmunol 
2009, 216:39-50. 

13. Li Y, Chen J, Zhang CL, Wang L, Lu D, Katakowski M, Gao Q, Shen LH, 
Zhang J, Lu M, Chopp M: Gliosis and brain remodeling after treatment of 
stroke in rats with marrow stromal cells. Glia 2005, 49:407-41 7. 

14. Stemberger S, Jamnig A, Stefanova N, Lepperdinger G, Reindl M, Wenning 
GK: Mesenchymal stem cells in a transgenic mouse model of multiple 
system atrophy: immunomodulation and neuroprotection. PLoS One 
201 1,6:e1 9808. 

15. Caplan Al, Dennis JE: Mesenchymal stem cells as trophic mediators. 

J Cell Biochem 2006, 98:1076-1084. 

16. Caplan Al, Correa D: The MSC: an injury drugstore. Cell Stem Cell 201 1, 
9:11-15. 

17. Meirelles LS, Fontes AM, Covas DT, Caplan Al: Mechanisms involved in the 
therapeutic properties of mesenchymal stem cells. Cytokine Growth Factor 
Rev 2009, 20:419-427. 

18. Parr AM, Tator CH, Keating A: Bone marrow-derived mesenchymal stromal 
cells for the repair of central nervous system injury. Bone Marrow 
Transplant 2007, 40:609-61 9. 

19. Ooi YY, Ramasamy R, Rahmat Z, Subramaiam H, Tan SW, Abdullah M, Israf 
DA, Vidyadaran S: Bone marrow-derived mesenchymal stem cells 
modulate BV2 microglia responses to lipopolysaccharide. Int 
Immunopharmacol 2010, 10:1532-1540. 

20. Zhou C, Zhang C, Chi S, Xu Y, Teng J, Wang H, Song Y, Zhao R: Effects of 
human marrow stromal cells on activation of microglial cells and 
production of inflammatory factors induced by lipopolysaccharide. Brain 
Res 2009, 1269:23-30. 

21. Abrams MB, Dominguez C, Pernold K, Reger R, Wiesenfeld-Hallin Z, Olson L, 
Prockop D: Multipotent mesenchymal stromal cells attenuate chronic 
inflammation and injury-induced sensitivity to mechanical stimuli in 
experimental spinal cord injury. Restor Neurol Neurosci 2009, 27:307-321. 

22. Musolino PL, Coronel MF, Hokfelt T, Villar MJ: Bone marrow stromal cells 
induce changes in pain behavior after sciatic nerve constriction. Neurosci 
Lett 2007,418:97-101. 

23. Siniscalco D, Giordano C, Galderisi U, Luongo L, Alessio N, Di Bernardo G, de 
Novellis V, Rossi F, Maione S: Intra-brain microinjection of human 
mesenchymal stem cells decreases allodynia in neuropathic mice. 

Cell Mol Life Sci 2010, 67:655-669. 

24. de Hemptinne I, Vermeiren C, Maloteaux JM, Hermans E: Induction of glial 
glutamate transporters in adult mesenchymal stem cells. J Neurochem 
2004,91:155-166. 

25. de Hemptinne I, Boucherie C, Pochet R, Bantubungi K, Schiffmann SN, 
Maloteaux JM, Hermans E: Unilateral induction of progenitors in the 
spinal cord of hSOD1(G93A) transgenic rats correlates with an 
asymmetrical hind limb paralysis. Neurosci Lett 2006, 401:25-29. 

26. Berger JV, Dumont AO, Focant MC, Vergouts M, Sternotte A, Calas AG, 
Goursaud S, Hermans E: Opposite regulation of metabotropic glutamate 
receptor 3 and metabotropic glutamate receptor 5 by inflammatory 
stimuli in cultured microglia and astrocytes. Neuroscience 2012, 205:29-38. 

27. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL: Quantitative 
assessment of tactile allodynia in the rat paw. J Neurosci Methods 1994, 
53:55-63. 



Page 14 of 15 



28. Sorge RE, Lacroix-Fralish ML, Tuttle AH, Sotocinal SG, Austin JS, Ritchie J, 
Chanda ML, Graham AC, Topham L, Beggs S, Salter MW, Mogil JS: Spinal 
cord Toll-like receptor 4 mediates inflammatory and neuropathic 
hypersensitivity in male but not female mice. J Neurosci 201 1, 

31:15450-15454. 

29. Echeverry S, Shi XQ, Zhang J: Characterization of cell proliferation in rat 
spinal cord following peripheral nerve injury and the relationship with 
neuropathic pain. Pain 2008, 135:37-47. 

30. Naruse K, Sato J, Funakubo M, Hata M, Nakamura N, Kobayashi Y, Kamiya H, 
Shibata T, Kondo M, Himeno T, Matsubara T, Oiso Y, Nakamura J: 
Transplantation of bone marrow-derived mononuclear cells improves 
mechanical hyperalgesia, cold allodynia and nerve function in diabetic 
neuropathy. PLoS One 201 1, 6:e27458. 

31 . Opydo-Chanek M, Dabrowski Z: Response of astrocytes and microglia/ 
macrophages to brain injury after bone marrow stromal cell 
transplantation: a quantitative study. Neurosci Lett 201 1, 487:163-168. 

32. Franchi S, Valsecchi AE, Borsani E, Procacci P, Ferrari D, Zaffa C, Sartori P, 
Rodella LF, Vescovi A, Maione S, Rossi F, Sacerdote P, Colleoni M, Panerai 
AE: Intravenous neural stem cells abolish nociceptive hypersensitivity 
and trigger nerve regeneration in experimental neuropathy. Pain 2012, 
153:850-861. 

33. Klass M, Gavrikov V, Drury D, Stewart B, Hunter S, Denson DD, Hord A, Csete 
M: Intravenous mononuclear marrow cells reverse neuropathic pain from 
experimental mononeuropathy. Anesth Analg 2007, 104:944-948. 

34. Hofstetter CP, Holmstrom NA, Lilja JA, Schweinhardt P, Hao J, Spenger C, 
Wiesenfeld-Hallin Z, Kurpad SN, Frisen J, Olson L: Allodynia limits the 
usefulness of intraspinal neural stem cell grafts; directed differentiation 
improves outcome. Nat Neurosci 2005, 8:346-353. 

35. Macias MY, Syring MB, Pizzi MA, Crowe MJ, Alexanian AR, Kurpad SN: Pain 
with no gain: allodynia following neural stem cell transplantation in 
spinal cord injury. Exp Neurol 2006, 201:335-348. 

36. Siniscalco D, Giordano C, Galderisi U, Luongo L, de Novellis V, Rossi F, 
Maione S: Long-lasting effects of human mesenchymal stem cell 
systemic administration on pain-like behaviors, cellular, and 
biomolecular modifications in neuropathic mice. Front Integr 
Neurosci 2011, 5:79. 

37. Czeh M, Gressens P, Kaindl AM: The yin and yang of microglia. Dev 
Neurosci 201 1,33:199-209. 

38. Hanisch UK: Functional diversity of microglia - how heterogeneous are 
they to begin with? Front Cell Neurosci 201 3, 7:65. 

39. Kim J, Hematti P: Mesenchymal stem cell-educated macrophages: a novel 
type of alternatively activated macrophages. Exp Hematol 2009, 
37:1445-1453. 

40. Kim H, Kim HY, Choi MR, Hwang S, Nam KH, Kim HC, Han JS, Kim KS, Yoon 
HS, Kim SH: Dose-dependent efficacy of ALS-human mesenchymal stem 
cells transplantation into cisterna magna in SOD1-G93A ALS mice. 

Neurosci Lett 201 0, 468:1 90-1 94. 

41. Garbuzova-Davis S, Sanberg CD, Kuzmin-Nichols N, Willing AE, Gemma C, 
Bickford PC, Miller C, Rossi R, Sanberg PR: Human umbilical cord blood 
treatment in a mouse model of ALS: optimization of cell dose. PLoS One 
2008, 3:e2494. 

42. Walker PA, Jimenez F, Gerber MH, Aroom KR, Shah SK, Harting MT, Gill BS, 
Savitz SI, Cox CS Jr: Effect of needle diameter and flow rate on rat and 
human mesenchymal stromal cell characterization and viability. Tissue 
Eng PartC Methods 2010, 16:989-997. 

43. Ji RR, Suter MR: p38 MAPK, microglial signaling, and neuropathic pain. 
Mol Pain 2007, 3:33. 

44. Sweitzer S, Martin D, DeLeo JA: Intrathecal interleukin-1 receptor 
antagonist in combination with soluble tumor necrosis factor receptor 
exhibits an anti-allodynic action in a rat model of neuropathic pain. 
Neuroscience 2001, 103:529-539. 

45. Winkelstein BA, Rutkowski MD, Sweitzer SM, Pahl JL, DeLeo JA: Nerve injury 
proximal or distal to the DRG induces similar spinal glial activation and 
selective cytokine expression but differential behavioral responses to 
pharmacologic treatment. J Comp Neurol 2001, 439:127-139. 

46. Parekkadan B, Milwid JM: Mesenchymal stem cells as therapeutics. Annu 
Rev Biomed Eng 201 0, 1 2:87-1 1 7. 

47. Cizkova D, Novotna I, Slovinska L, Vanicky I, Jergova S, Rosocha J, Radonak J: 
Repetitive intrathecal catheter delivery of bone marrow mesenchymal 
stromal cells improves functional recovery in a rat model of contusive 
spinal cord injury. J Neurotrauma 2011, 28:1951-1961. 



Schafer et at. Journal of Neuroinflammation 201 4, 11:157 
http://www.jneuroinflammation.eom/content/1 1/1/157 



Page 15 of 15 



48. Prockop DJ, Gregory CA, Spees JL: One strategy for cell and gene therapy: 
harnessing the power of adult stem cells to repair tissues. Proc Natl Acad 
SciUSA 2003, 100(Suppl 1):1 1917-1 1923. 

49. Owens T, Bechmann I, Engelhardt B: Perivascular spaces and the two 
steps to neuroinflammation. J Neuropathol Exp Neurol 2008, 67:1 1 1 3-1 1 21 . 

50. Takigawa T, Yonezawa T, Yoshitaka T, Minaguchi J, Kurosaki M, Tanaka M, 
Sado Y, Ohtsuka A, Ozaki T, Ninomiya Y: Separation of the perivascular 
basement membrane provides a conduit for inflammatory cells in a 
mouse spinal cord injury model. J Neurotrauma 2010, 27:739-751. 



doi:1 0.1 1 86/s1 2974-01 4-01 57-8 

Cite this article as: Schafer et ol:. Influence of intrathecal delivery of 
bone marrow-derived mesenchymal stem cells on spinal inflammation 
and pain hypersensitivity in a rat model of peripheral nerve injury. 

Journal of Neuroinflammation 2014 11:157. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit momea central 



